OBJECTIVES: Personalized external aortic root support has completed initial evaluation and has technology appraisal in the UK for patients with Marfan syndrome for use as an alternative to root replacement. Its long-term success in preventing aortic dissection remains uncertain. Here, we report a study in sheep to establish whether the externally supporting mesh, as used clinically, is biologically incorporated. The strength of the resulting mesh/artery composite has been tested.
INTRODUCTION
Aortic root replacement, either with valve replacement or valve conservation, is the standard means of reducing the risk of aortic dissection in people with Marfan syndrome [1] . In 2004, an alternative to root replacement was proposed in which an external support of a pliant mesh is computer designed and custom made, as shown in Fig. 1 . This fits the individual patient's ascending aorta from the aortoventricular junction to beyond the brachiocephalic artery [2] . The polymer of which the support is manufactured is polyethylene terephthalate, familiar to the polymer used in Dacron vascular grafts. However, these are woven to make a low-porosity vascular replacement with a relatively rigid, non-compliant wall structure. When knitted as a mesh, the material is soft and macroporous.
The technical details of the manufacture and placement of the external support were reported for the first 10 consecutive patients, all operated on with the same protocol. They had stable aortic root and arch dimensions on magnetic resonance imaging after 1-3 years of follow-up [3] . The early perioperative and procedural advantages (avoidance of bypass and much reduced blood product usage) were confirmed in the first 20 consecutive patients compared with 20 patients of similar age and aortic root size having root replacement surgery in the same time frame [4] .
It is noteworthy that the material used and its method of placement bear scant resemblance to the 'wrap' technique as proposed by Robicsek and Thubrikar [5] . This difference merits attention because reports of histological changes in the aorta underlying external support with Dacron grafts [6] and aortic erosion due to dislocation of a supporting Dacron Graft [7] have raised serious concerns in discussion of this novel form of personalized external aortic root support. To specifically address these questions, a study in sheep was performed.
MATERIALS AND METHODS

Operation
Approval was obtained from the Animal Ethics Committee of KUL, Leuven, Belgium (EC no.: P144-2010). Growing sheep were fasted for 24 h prior to surgery and sedated with intramuscular injection of ketamine (15 mg/kg). Anaesthesia was induced with isoflurane (5%), the animals were intubated and an oral-gastric tube was placed. Anaesthesia was maintained with Isoflurane (2-4%). Peripheral venous and arterial access were established. Heart rate, blood pressure, end-tidal CO 2 and blood O 2 saturation were monitored continuously. The animals were positioned in a right lateral position. After scrubbing and skin preparation of the neck, sterile towels and drapes were applied. A longitudinal incision was made to expose the common carotid artery. Polyethylene terephthalate (Dacron® mesh, Exstent Ltd., Tewkesbury, UK) was fitted around the carotid artery to form a sleeve over a length of 3 cm and closed with a running suture Prolene 4/0 ( Fig. 2A) . The incision was closed in layers. Explantation was performed between 4 and 6 months later. The animals were anaesthetized as described above. The incision was reopened and the carotid artery exposed. After the administration of heparin (100 U/kg), the entire carotid artery was removed (Fig. 2B) . Thereafter, samples from sleeved and unoperated parts of the same carotid artery were taken for macroscopic, histological and mechanical evaluation.
Macroscopic evaluation
Excised samples were photographed, opened longitudinally, and the thickness of samples was assessed with callipers. From the wrapped segments, the thickness of the graft material (0.60 mm) was subtracted from the measured thickness to obtain the corrected thickness.
Histological evaluation
Samples were fixed in a 6% formaldehyde solution and embedded in paraffin. Slices were prepared and stained with H&E and elastica staining. All samples were evaluated by an experienced pathologist (E.V.). Inflammation and fibrosis of the arterial and periarterial tissue were evaluated. The diameter of the lumen, media thickness, adventitial thickness and thickness of the fibrotic sheet were measured. From each sample, three slides were evaluated and six measurements per slide were performed.
Mechanical evaluation
From each retrieved graft and control carotid segment, a circumferentially oriented strip of approximately 10 by 5 mm was cut. All samples were retained in a physiological saline solution at 4°C and tested within 24 h of explantation. The segments under test were chosen to exclude the suture line of the mesh sleeve. Before being mounted on a computerized uniaxial test bench (Zwick/Roell Z0.5, Ulm, Germany), with a 200-N load cell, the initial width and thickness of each sample were measured with callipers. A cross-head speed of 0.5 mm/s was applied. The specimens were first subjected to five preconditioning cycles of loading, up to a standard force of 6.67 N/cm 2 . This was followed by a continuous stretch to failure while recording the load and gauge length. The breaking point of the sample was defined as the first point where failure occurred, easily identified in the tensile curve by a sudden drop of the load. Results were discarded if the specimen slipped in the grips during the test, or if specimen failure occurred close to the grips.
The data were processed, with the Zwick/Roelll testXpert II V2.2 software, to obtain the tensile strength, which is the tensile force normalized to the cross-sectional area at that point. To calculate the appropriate cross-sectional area, the assumption of 
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P. Verbrugghe et al. / Interactive CardioVascular and Thoracic Surgerymaterial incompressibility was made [8] . The stiffness was obtained in the zone with physiological values of applied stress. Therefore, the first derivative of the tensile strength-logarithmic strain curve, was obtained.
Statistics
Statistical analysis was conducted using SPSS (IBM SPSS statistics, Sun Microsystems, USA). Data are presented as mean ± standard deviation (SD). Independent samples t-test was used. An α-value of <0.05 was considered significant.
RESULTS
Six sheep with a mean weight of 16 ± 0.9 kg were operated on. One animal died 7 days after the operation because of pneumonia and was excluded from further analysis. At the time of explantation, the mean body weight was 27 ± 1.6 kg. We obtained supported and unsupported samples from each of the five carotid arteries. All samples were macroscopically and histologically examined.
Several segments were tensile tested from each specimen giving a mean value for each sheep. The results of the tensile tests of one of the normal carotid arteries were excluded, due to slippery of the specimen and/or failure within the grips.
Macroscopic evaluation
Macroscopic evaluation of all samples showed loose tissue between the mesh and vessel wall (Fig. 3) . In three of the samples, the mesh material was visible through the arterial wall. Measurements of the overall thickness, including the perivascular tissue, showed a significantly greater dimension of the externally supported samples, compared with the sham-operated carotid arteries (Table 1) .
Histological evaluation
The graft material in all samples was located within the periarterial tissue; on several places, it touched the adventitia. Figure 4 illustrates the intact vessel wall architecture as it was retrieved in four of five wrapped specimens. The surrounding graft material caused a fibrotic reaction, but no inflammation, of the periarterial tissue in all samples. In all samples, the intima was well preserved. In four of the five vessels, the media was intact. In one, we found oedema of the outer part of the media in one quadrant of the circumference. In sham-operated samples, there was an intact arterial and periarterial structure without evidence of fibrosis or inflammation.
As shown in Fig. 5 , the luminal diameters of the normal (2.34 ± 0.24 mm) and supported arteries (2.42 ± 0.46 mm) were comparable. The mean media thickness was significantly lower in the supported segments (0.38 ± 0.04 mm), compared with control segments (0.43 ± 0.05 mm). The adventitia thickness in both groups was similar. The perivascular circular fibrotic sheet, in the operated segments, had an average size of 1.98 mm (±0.57).
Mechanical evaluation
As shown in Table 1 , wrapping an artery caused a significant increase in stiffness of 2.92 ± 1.10 compared with 1.31 ± 0.22 in a non-wrapped artery. Accordingly, there was a significant increase in tensile strength in the treated artery 955.95 ± 372.5 vs 188.79 ± 23.30 N/cm 2 , respectively.
DISCUSSION
Our principle finding is that implantation of mesh material around the carotid arteries of growing sheep causes a strong fibrotic reaction, an increased stiffness and tensile strength of the tissue, without a great effect on the arterial wall architecture. The material used in aortic support is chemically the same polymer, polyethylene terephthalate, as used in Dacron grafts. However, the textile made from it, and used in our clinical work [2, 4, 9] , is very different. It is soft, pliant and has a pore size of 0.7 mm. There is very strong similarity between these observations in sheep and two clinical reports in patients operated on between 1970 and 2003 [10, 11] . In total, 162 patients were operated on, using a similar highly porous textile, made of the same polymer. Polyethylene terephthalate is attractive, because it has been found to be biologically tolerated after many years of implantation. Over 30 years ago, Tanabe reported on 60 patients in whom they used highly porous Dacron mesh to reinforce aortic suture lines throughout the 1970's without problems [11] . Five patients died of cancer in the years following surgery, and the authors retrieved specimens of the aorta and were able to report 'excellent attachment of the mesh to the aortic wall and minimal structural changes in the wrapped aortic wall'. Apart from one early death, not related to any misbehaviour of the mesh, all the other patients remained well [11] . In 2007, Laks' group reported on a series of 102 patients over a 20-year period in whom mesh was used for supporting, or as nicely expressed 'girdling the ascending aorta' if it was found to be aneurysmal in the course of surgery. Aortic valve disease was present in 81 of 102, but it was elected to not replace the aorta. The authors established that there had been no deaths related to the aorta in the 88 of 102 patients they were able to trace. Of note was that in two of these patients 'aneurysmal dilatation of the sinuses developed below the wrap and reoperation was required. No patient in whom the mesh wrap was anchored to the aortic annulus required reoperation' [10] . A false comparison has been made with aortic 'wrapping' as described by Robicsek in the 1990's. Following the report of his clinical experience [5] , he published a further paper with his engineer colleague Thubrikar [12] , providing a theoretical explanation invoking the Law of Laplace to argue that if the aortic dimensions are fixed, wall tension will not further increase. It was hoped that by wrapping the dilated vessel segment further expansion would be physically prevented, thereby diminishing the risk of fatal consequences, such as dissection and rupture dissection. Although the evidence is sparse, to the level of anecdotal, there have been seriously concerning reports. Neri et al. [6] argued that it was not just a 'mechanical matter'. Two patients whose aortas had been supported with Dacron at the time of aortic valve replacement when aged 58 and 66 came to surgery 7 and 11 years later with aortic aneurysms. The aortic wall underlying the reinforcement was extremely thin compared with the unwrapped adjacent aorta. Histological examination showed that the normal layers were no longer present and there was extreme atrophy where the aorta was in direct contact with the Dacron cuff. Aortic tissue available from the time of their aortic valve replacement had been normal [6] . Another anxiety often expressed is that the external support might dislocate and erode the aorta. This has been recorded by Hetzer's team in 2003, but the material was again Dacron vascular graft [7] . While the reports of thinning [6] and dislocation [7] are well remembered, the favourable clinical results, in much larger numbers of patient where a porous mesh was used [10, 11] , may be more applicable to personalized aortic root support as used in Golesworthy's proposal [2] [3] [4] . Our findings in sheep are remarkably similar to the findings of Tanabe's group in the way the mesh is incorporated. What is achieved by the intimate ensleeving of the aorta with a porous mesh is that a textile/biological composite ensues. In sheep, the mesh had been incorporated to make macroscopically a composite vessel wall, 4-6 months after implantation. The corrected thickness of this substrate was remarkably larger than the control sample due to the formation of a periaterial fibrotic sheet. Histological examination in five surviving sheep (of six) showed that the arterial wall architecture is well preserved in nearly all specimens. The graft material was located in the outer part of the adventitia and periarterial tissue and induced a strong fibrotic reaction. Histological measurements showed a mild decrease in media thickness of the supported arteries. The reason for this remains unclear, as there was no clear inflammation or necrosis of media. In one vessel there was some oedema over about a quarter of its circumference. This should be controlled in larger series and after longer implantation times. The microscopic finding of increased fibrosis is reflected in the tensile tests as the tensile strength and the stiffness of wrapped arteries are significantly higher than non-wrapped arteries. Increased tensile strength might be in favour of preventing aortic rupture, as this occurs when the wall stress exceeds the ultimate tensile strength of aortic wall tissue. It is known that the wall stress in aneurysms is increased and the aortic wall is weakened [13] . In these circumstances, a physiological range of blood pressure may exhibit wall stress that equals or exceeds the tensile strength of aortic aneurysm tissue [14] . Therefore, reinforcing the aortic wall with mesh material increases the tensile strength and will prevent aortic rupture. Theoretically, the increased stiffness may influence the working load of the heart, arterial pressures and mechanical effects on the aortic valve [15, 16] . The ascending aorta acts as a windkessel, an elastic buffering chamber, beyond the heart [17] . In theory, changed elasticity may also have a local effect by potentially inducing dilatation beyond the supported portion [18] . However, the same theoretical risk applies with graft replacement [19] . In fact, it was not seen when specifically looked for in a carefully constructed study where measurements of the aortic arch were made before and after external support without knowledge of the patients identity and whether it was a before or after image [20] . Ideally, different types of mesh should be compared to obtain an ideal material, which allows compliance of the textile/biological composite while increasing sufficiently the tensile strength after implantation. Of course, care must be taken in extrapolating animal data to a Marfan patient population. Apart from the fact that we only describe the results of mesh implantation in a small number of animals, this model does not directly address the prevention of dissection. The effects of a mesh on a healthy artery might be different from its influences on an artery with defects in its major structural components and specific regulatory pathways [21, 22] . Evaluation of external aortic support in a bovine Marfan model [23] , with phenotypical characteristics comparable to those of human Marfan patients, might be interesting, but bovine models are extremely expensive and difficult to handle in laboratory conditions. Another limitation is the use of carotid arteries and not the ascending aorta, the reason being that the ascending aorta of quadrupeds is very short and divides quickly in a common carotid artery and descending thoracic aorta. Therefore, the long and easy accessible carotid artery was believed to be a valid alternative.
To conclude, external aortic root support polyethylene terephthalate mesh, as used for the personalized external support of dilated aortic roots in Marfan syndrome, becomes incorporated in the periadventitial tissue of the carotid artery of sheep.
Limited thinning of the media, without any signs of inflammation or media necrosis, was visible. The significance of this finding should be controlled in larger series and after longer implantation times. The graft material reinforces the vessel wall when stress tested.
